Pigment-protein and pigment-pigment interactions are of fundamental importance to the light-harvesting and photoprotective functions essential to oxygenic photosynthesis. The orange carotenoid protein (OCP) functions as both a sensor of light and effector of photoprotective energy dissipation in cyanobacteria. We report the atomic-resolution structure of an active form of the OCP consisting of the N-terminal domain and a single noncovalently bound carotenoid pigment. The crystal structure, combined with additional solution-state structural data, reveals that OCP photoactivation is accompanied by a 12 angstrom translocation of the pigment within the protein and a reconfiguration of carotenoid-protein interactions. Our results identify the origin of the photochromic changes in the OCP triggered by light and reveal the structural determinants required for interaction with the light-harvesting antenna during photoprotection.
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Pigment-protein and pigment-pigment interactions are of fundamental importance to the light-harvesting and photoprotective functions essential to oxygenic photosynthesis. The orange carotenoid protein (OCP) functions as both a sensor of light and effector of photoprotective energy dissipation in cyanobacteria. We report the atomic-resolution structure of an active form of the OCP consisting of the N-terminal domain and a single noncovalently bound carotenoid pigment. The crystal structure, combined with additional solution-state structural data, reveals that OCP photoactivation is accompanied by a 12 angstrom translocation of the pigment within the protein and a reconfiguration of carotenoid-protein interactions. Our results identify the origin of the photochromic changes in the OCP triggered by light and reveal the structural determinants required for interaction with the light-harvesting antenna during photoprotection. P hotosynthetic organisms balance light harvesting against the toxic effects of oxidative intermediates produced under excess light (1) . Thermal dissipation of excess absorbed energy-manifested as a quenching of antenna fluorescence known as nonphotochemical quenching (NPQ) (2, 3)-is the predominant photoprotective mechanism. Carotenoid pigments play critical roles in NPQ (2-11), including a likely role as a direct quencher of excitation energy in "flexible" NPQ mechanisms (4) that operate reversibly on short time scales (seconds to minutes) and under dynamic light conditions (6) (7) (8) (9) (10) (11) .
In cyanobacteria, a relatively simple carotenoiddependent NPQ mechanism is associated with the light-harvesting antenna protein complex, the phycobilisome (PB). Here, NPQ is triggered by photoactivation of the soluble orange carotenoid protein (OCP), a blue-light photoreceptor that noncovalently binds a single carotenoid (3 (Fig. 1A and fig. S4A ). The OCP CAN We also determined the RCP CAN structure to 1.54 Å resolution (table S2) (table S3) . The polyene chain is completely encompassed by protein; it assumes a highly planar conformation in RCP, whereas it is bowed and twisted in OCP O ( Fig. 1B and fig. S4 ). The increased planarity of the polyene and reduced b-ring torsions observed for CAN in RCP are consistent with previously published electronic absorption and Raman spectroscopy data that indicate extended effective p-conjugation and a planar all-trans configuration for the carotenoid in both quenching-active RCP and OCP R (12, 16) . The large displacement of the carotenoid has profound consequences for its interactions with the protein. Specifically, the amino acids comprising the CAN binding pockets in the OCP O and RCP structures ( Fig. 2A and table S4 
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(corresponding to CAN in OCP O ), 11 residues of the NTD are in close (<4 Å) proximity to the carotenoid. Retrospectively, the hydrophobic tunnel for translocation of the carotenoid further into the NTD is present in OCP O ( fig. S1B and fig. S5 ). In cpcR (CAN in RCP) an additional nine residues in this NTD "tunnel" interact with the carotenoid (Fig. 2A) . Modest side chain conformational changes accompany translocation (Fig. 2B and fig. S5A ). A perturbed local electrostatic environment for CAN in cpcR versus cpcO ( fig. S5D ), in addition to new Hbonding interactions between solvent and CAN's 4-keto groups in cpcR, likely contribute to altered photophysical properties of the carotenoid (i.e., stabilization of an intramolecular charge transfer state) that may be connected to quenching function (20) .
The conservation of residues unique to cpcR observed in genes encoding for full-length OCPs (figs. S6 and S7) implicate the carotenoid shift as an integral part of OCP function. Several of the conserved residues within 4 Å of CAN in cpcR were probed by mutagenesis in the OCP. For certain mutations (i.e., Glu 34 → Ala), the CAN:ECN binding ratio was observed to change markedly relative to the wild-type OCP ( 2D and fig. S8 ), which suggests that these exposed residues, relatively distant from the carotenoid in cpcO, play a critical role in OCP photochemistry. Collectively, these results implicate the CAN-binding residues in cpcR (as observed in the RCP structure) in the stabilization of the carotenoid in the active OCP R .
To obtain solution-state structural evidence for carotenoid translocation in the OCP O -to-OCP R photoconversion, we used x-ray hydroxyl radical footprinting mass spectrometry (XF-MS) to identify changes in side-chain solvent accessibility after illumination (21) . X-ray dose response plots show that some of the largest solvent accessibility changes after photoconversion occurred in CAN binding residues (Fig. 3A and table S5 Fig. 3A ) that contact the CAN polyene chain in cpcO (table S4) had a large increase in solvent accessibility. CAN translocation exposes these side chains to a solvent accessible region in the surface cleft between the CTD and NTD ( fig. S1B ). Correlated solvent accessibility changes in CAN binding CTD residues (increased solvent accessibility) and NTD residues (decreased solvent accessibility) support carotenoid translocation during OCP activation (Fig. 3B) . XF-MS data also confirms that CAN translocation accompanies a separation of the CTD and NTD: The factor of 10 solvent accessibility increase in Arg 155 (table S5) supports the proposed breakage of the Arg 155 -Glu 244 salt bridge in OCP R (17, 22) . Based on the observation of carotenoid translocation accompanying domain dissociation we propose the following sequence of events in the photoactivation of the OCP (Fig. 4A) . Light absorption triggers structural changes in the carotenoid, perturbing its interaction with the CTD (e.g., perturbing H-bonds with Tyr 201 /Trp 288 ). Lightinduced displacement of the N-terminal aA helix from the CTD, proposed to occur based on structtural similarities to the Per-Arnt-Sim family of photosensors (19, 23) , has recently been demonstrated by chemical footprinting experiments (17) . Analogous to the photochemical mechanism of PYP (24), it is possible that partial "ejection" of the carotenoid chromophore, driven by a transient, strained cis-carotenoid geometry may be coupled to CTD structural changes. An accompanying reorganization of side chain-pigment interactions has the net effect of destabilizing carotenoid binding in cpcO; translocation of the carotenoid drives the reconfiguration to cpcR. Chaotrope-induced formation of an activated state of the OCP suggests that the transition to cpcR can take place in the absence of light (25) , implying that translocation may be largely driven by protein-carotenoid binding free energies. In contrast to cpcO, where the carotenoid serves as a structural element bridging the CTD and NTD, carotenoid translocation coupled with dissociation of the aA helix from the CTD (17) The regions surrounding the solvent-exposed b rings (b1, face 1; b2, face 2) include the two largest patches of conserved residues on the surface of RCP ( fig. S7 ). Positive potential, in part due to the critical PB binding residue Arg 155 (22) , dominates face 1, whereas face 2 is relatively negatively charged (Fig. 4B) . The distinct differences in surface charge between face 1 and face 2 suggest an electrostatically driven directionality in the NTD-PB interaction. Because the conformation of the NTD is essentially unchanged in the active form of the OCP, NTD-PB binding is likely tied to selective exposure of regions of the NTD occluded in OCP O (face 1 and Arg
155
), or to the carotenoid translocation itself.
NTD-PB interaction in the vicinity of the exposed b-ring would also be expected for carotenoid-dependent energy quenching, given the importance of interpigment distances in energy transfer efficiency (26) . Although the atomicresolution structure of the fully assembled PB is S9B ). Such close interaction would permit participation of the carotenoid in either direct bilincarotenoid energy transfer (20) or charge transfer quenching mechanisms (30) . The translocation observed concomitant with activation of the protein raises the possibility of additional carotenoid structural changes and/or movement after binding to the PB (Fig. 4C) to further reduce carotenoidbilin distances or change the relative orientations of pigments in the OCP-PB complex. More broadly, the light-driven change in carotenoid-protein interactions observed in the OCP prompts a reexamination of other carotenoid binding protein complexes for the possibility of transient, activation-dependent movement of the noncovalently bound carotenoids in those systems.
D imethylsulfoniopropionate (DMSP) is the major precursor of atmospheric dimethyl sulfide (DMS) and a key component of the ocean sulfur cycle. DMSP has been proposed to have physiological roles as an intracellular osmolyte and antioxidant (1) and also serves as an infochemical in interspecies predatorprey interactions, symbiosis, and pathogenicity (2) (3) (4) (5) . The volatile DMS is generated in oceans at remarkably high amounts, >10
7 tons per year. It is emitted to the atmosphere (6) by enzymes known as DMSP lyases and has a global role in atmosphere-ocean feedback processes (7, 8) . DMS also serves as a chemoattractant for phytoplankton, bacteria, zooplankton, fish, and sea birds (3, 9, 10) . Several candidate DMSP lyases have been identified in marine bacteria (11, 12) ; however, the identification of the algal DMSP lyase(s) is crucial for understanding the physiological roles of DMS, its oceanic origins, and the marine sulfur cycle (12) (13) (14) (Fig. 1) .
We undertook a classical biochemical fractionation approach combined with shotgun proteomics to identify the DMSP lyase from Emiliania huxleyi. This coccolithophore algae is a wellestablished ecological model organism that forms massive oceanic blooms (15, 16) and has high DMSP lyase activity (17) . We based our search on two natural E. huxleyi isolates: NCMA373, which has a high level of DMSP lyase activity (17) (~10 fmol cell −1 min −1
; herein, HL373), and NCMA374, which shows traces of activity (~2 × 10 −3 fmol cell ; LL374). Despite the different activity levels, both isolates have similar concentrations of intracellular DMSP (17) .
Nearly all activity observed in the crude HL373 cell lysate was associated with the membrane fraction of the chloroplast and was retained by a 100-kD filter, indicating a relatively large enzyme or complex ( fig. S1 ) [see the supplementary materials (SM)]. Because previous studies suggested antioxidant roles for DMSP and DMS (1) and
